Device-to-device (D2D) communications have gained great attentions due to the potential and numerous benefits for cellular networks. However,it also brings tremendous resource allocation challenges for the sake of the constraint of battery life. Up to now, there are limited works attempt to prolong the battery life by improving the energy efficiency (EE). In this paper, we study how to perform resource allocation to increase EE in a interference limited environment under a noncooperative game model. Each D2D pair can reuse all or part of the channel resources allocated to cellular users. An energy-efficient joint power allocation and channel selection is proposed by employing the nonlinear fractional programming. We obtain the optimal power allocation and channel selection through an iterative algorithm called Dinkelbach method. Finally, the algorithm proposed in this paper is verified by simulation.
INTRODUCTION
Device-to-device(D2D) communications enable user equipments (UE) in close proximity to communicate with each * This work was partially supported by the Fundamental Research Funds for the Central Universities under Grant Number 13MS19, 14MS11, China Mobile Communication Co. other directly without extra hops through the central base station(BS) [1] . D2D communication has great potential to improve the spectral efficiency (SE) and energy efficiency (EE) due to the proximity gain, spectrum reuse gain and hop gain [2] . However, there are paramount challenges needed to be addressed to harvest these potential benefits considering battery constraints. There are limited works discussing how to perform resource allocation to increase EE using different algorithms.
An iterative combinatorial auction algorithm was proposed in [3] ,which employs the Peukertar's law to model the battery lifetime. A novel device beaconing scheme facilitating device discovery in a larger network was studied in [4] , where the EE was used to evaluate the proposed mechanism. Another energy-efficient resource allocation scheme was proposed in [5] ,which minimizes the total transmit power levels for D2D pairs and cellular UEs. How mobility impacts EE in a general framework of an LTE-Advanced network was investigated in [6] . In [7] , two novel resource allocation schemes were proposed to increase the throughput and reduce the overall energy cost by mitigating interference in the cell level and scheduling resources in the user level in an energy-efficient way. The optimal power allocation based on three different modes to maximize the EE was presented in [8] , and close analytical approximations based on Taylorseries expansion were devived. In [9] , D2D discovery mechanisms discussed in the 3GPP were studied in terms of energy consumption aspects by optimizing network resource utilization. Two energy-aware game theoretic medium access control (MAC) strategies were proposed in [10] , in which the D2D users were respectively under distributed and networkassisted scenarios. The trade-off between SE and EE was analyzed in [11] assuming that all the channel are available to each user. [12] proposed an iterative optimization algorithm to maximize EE of each user without considering channel selection.
there is no closed-form solution. In this paper, the properties of non linear fractional programming are employed in the resource allocation under a non-cooperative game to transform the non-convex problem to a convex problem. Moreover, the channel selection indicator is relaxed to be a real value instead of a Boolean variable to avoid the problem becoming a integer programming problem. Then we propose an iterative algorithm based on a Dinkelbach method subject to the QoS provisioning and transmission power constraints. Finally, the effectiveness of the proposed algorithm is verified by simulation. This paper is organized as follows. The section 2 presents system model and analyzes different kinds of mutual interference among D2D UEs and cellular UEs. The section 3 introduces the distributed iterative optimization algorithm to optimize energy-efficiency.Simulation results and analysis are presented. Finally, the main conclusions of our work are summarized.
SYSTEM MODEL AND PROBLEM FOR-MULATION

System Model
In this paper, D2D communications are considered underlaying a single cellular network. We allow D2D UEs to reuse the channel resources allocated to cellular UEs to maximize SE. As illustrated in Fig. 1 , cellular UEs establish direct link to BS to communicate, while D2D UEs communicate with each other directly. There is no interference among cellular UEs for the orthogonal channel. Each cellular UEs is allocated to multiple subchannels, which D2D UEs determine to reuse entirely or partially. In this reusing mode, there are different interference scenarios in uplink communication. When D2D pairs reuse uplink cellular resources, the interferences for D2D receivers (Rx of D2D1 or D2D2) come from co-channel cellular UEs (cellular UE1 and cellular UE2) and other co-channel D2D transmitters in the same cell (Tx). The interferences subject to BS come from all the D2D UEs reusing the same channel.
We focus on the distributed resource allocation problem modeled as a noncooperative game, in which each UE maximize its own EE regardless of others. Before formulating our problem, there are some key parameters needed to to be defined. We assume that the number of D2D UEs and cellular UEs are N and K respectively. Each cellular UEs has M available channels, so the total number of channels D2D UEs can reuse is denoted as L = M K.Since D2D UEs may not reuse all of the channels allocated to cellular UEs, the selection indicator s l i [13] defined as follows:
, if the l-th channel is used by i-th D2D pair; 0, otherwise.
While in order to avoid the complex integer programming problem, s l i is relaxed to be a real value between zero and one instead of a Boolean, i.e., 0 ≤ s Then the signal to interference plus noise ratio (SINR) of the i-th D2D pair in the l-th channel is given by
where g l i is the channel gain of the i-th D2D pair, g l k,i is the interference channel gain between the k-th cellular UE and the i-th D2D receiver, and g l j,i is the interference channel gain between the j-th D2D transmitter and the i-th D2D receiver. N0 is the noise power.
denote the interference from the cellular UE and the other D2D pairs that reuse the l-th channel respectively.
The received SINR of the k-th cellular UE at the BS in the l-th channel is given by
where g l k is the channel gain between the k-th cellular UE and the BS, g l i,k is the interference channel gain between the i-th D2D transmitter and the BS in the l-th channel. The achievable rates of the i-th D2D pair and the k-th cellular UE are given by
The total power consumption of the i-th D2D pair and the k-th cellular UE are given by
where p l i,total is the total power consumption of the i-th D2D pair, which is composed of the transmission power over all of the L channels, i.e.,
L l=1
1 η p l i , and the circuit power of both the D2D transmitter and receiver, i.e., 2pcir. The circuit power of any UE is assumed as the same and is denoted as pcir. η is the power amplifier (PA) efficiency, i.e., 0 < η < 1.p l k,total is the total power consumption of the k-th cellular UE, which is composed of the transmission power
1 ηp l k and the circuit power only at the transmitter side. The power consumption of the BS is not taken into consideration.
Problem Formulation
In this section, we formulate the EE maximization problem of i-th D2D pair and k-th cellular respectively under a noncooperative game. In the game, each UE wants to maximize its own EE regardless of others. The strategies set of the l-th D2D transmitter and k-th cellular UEs are denoted as p 
Therefore, the EE maximization problem of the i-th D2D pair is formulated as
Similarly, the EE of the k-th cellular UE U c k,EE is defined as
The corresponding EE maximization problem is formulated as
The constraints C1 and C3 specify the QoS requirements in terms of minimum transmission rate. C2 and C4 are the non-negative constraints on the power allocation variables.
THE ITERATIVE OPTIMIZATION AL-GORITHM
As we know, the objective functions in (10) and (14) are both in fractional form, there is no closed-form solution for the non-convex problem. We can transform (10) and (14) into the subtractive form equivalent to the original problem by employing the nonlinear fractional programming. The transformed problem is a convex problem. The maximum EE of the i-th D2D pair q l * i and the optimal solution of the k-th cellular UE q l * k can be expressed as:
According to [14] , the following theorems can be proved, which shows the equivalence of the transformed problem. 
Thus unique optimal solutions can be achieved by solving the following transformed optimization problems:
The Lagrangian function of the primal problem (23) can be given as
where αi, βi are the lagrange multipliers associated with different constraints. The dual problem can be expressed as The dual problem can be decomposed into two layers, the inner maximization to solve the power allocation problem, the outer minimization to find the corresponding Lagrange multipliers. The dual problem can be solved by addressing both problems iteratively, where in each iteration, the Karush-Kuhn-Tucker (KKT) condition [15] is used to find the optimum solutions for a fixed set of Lagrange multipliers. For any given q l i or q l k , the solution are given by
Where δ k , θ k are the lagrange multipliers associated with constraints C3 and C4. Meanwhile, in order to obtain the optimal channel selection, we take the derivative of the subproblem w.r.t s l i ,which yields to
whose value is calculated for each channel selection.
By combining the gradient updates and the channel selection criterion, more than one channel selection can be selected eventually for D2D UEs.
SIMULATION
In this section, the proposed algorithm is verified through computer simulations. Before the simulation, we define the average energy efficiency as the ratio of the total energy efficiency to the number of channels and simulations. The values of simulation parameters are based on [11, 16] , and are summarized in Table 1 . Fig. 2 shows the locations of 40 D2D UEs (20 D2D pairs) and 10 cellular UEs generated in one simulation. For each simulation, the locations of the cellular UEs and D2D UEs are generated randomly within a cell with a radius of 500 m. The maximum distance between any two D2D UEs that form a D2D pair is 25 m. The channel gain between the transmitter i and the receiver j is calculated as d
2 , where di,j is the distance between the transmitter i and the receiver j, hi,j is the complex Gaussian channel coefficient that satisfies hi,j ∼ CN (0, 1). We compare the proposed EE maximization algorithm (labeled as "energy-efficient") with the SE maximization algorithm which is a distributed iterative algorithm for maximizing each UE's SE. (labeled as "spectral-efficient" ). The results are averaged through a total number of 1000 simulations. Fig. 3 shows the average EE of D2D links corresponding to the number of game iterations. The average EE of the proposed energy-efficient algorithm converge to 554.4333, while the spectral-efficient algorithm converge to 285.3647. The EE performance is improved by more than 94.29% in an interference-limited environment. The reason is that in the spectral-efficient algorithm, power consumption is completely ignored in the optimization process. Fig. 4 shows the average EE of cellular links corresponding to the number of game iterations. Comparing Fig. 4 with Fig. 3 , we find that the D2D links can achieve a much better EE than the cellular links due to the proximity gain and the channel reuse gain for shorter transmission distance and proper interference management. The proposed algorithm outperforms the spectral-efficient algorithm by more than 90.3%. Both Fig. 3 and Fig. 4 show that the proposed iterative energy-efficient algorithm converges very fast to the optimum value.
CONCLUSIONS
In this paper, we proposed an energy-efficient joint power allocation and channel selection exploiting the properties of 0.5 bit/s/Hz the nonlinear fractional programming for D2D UEs and cellular UEs. We derived an iterative algorithm for solving the non-convex problem, which was shown to converge to the optimum value very fast. Simulation results have demonstrated that the proposed EE algorithm can bring significant EE improvement. Compared to the spectral-efficient algorithm, the proposed algorithm improves the EE performance by 94.29% and 90.3% for D2D UEs and cellular UEs respectively.
